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Assuming that the origin of stimulated Brillouin scattering (SBS) lies in effective Brillouin susceptibility arising due to (i) current 
density dependent nonlinear induced polarization, and (ii) pump wave – acoustical phonon mode dependent electrostrictive 
polarization; expressions are obtained for the steady-state and transient Brillouin gain coefficients of weakly-piezoelectric 
semiconductors magneto-plasmas under different geometrical configurations of applied magnetic field. The threshold value 
of pump intensity and optimum value of pulse duration for the onset of transient SBS are estimated. For numerical calculations, 
n-InSb crystal at 77K temperature, acting as a Brillouin medium, is assumed to be irradiated by a pulsed CO2 laser. The 
influence of piezoelectric property of the Brillouin medium on threshold and Brillouin gain coefficients is analyzed. The 
dependence of Brillouin gain coefficients on doping concentration, applied magnetic field and its inclination, scattering angle 
and pump pulse duration are explored in detail with aim to determine suitable values of these controllable parameters to 
enhance Brillouin gain coefficients at lower pump powers, and to search the feasibility of Brillouin nonlinearities based efficient 
semiconductor optoelectronic devices. 
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1. Introduction 

 

Nonlinear optics is a wide area of current research 

owing to its important applications in fabrication of modern 

optoelectronic devices such as laser amplifiers and 

oscillators, ultra-short pulsed lasers,optical signal 

processing, optical sensors, optical computers, ultrafast 

switches and many others [1-3]. Nonlinear optical effects 

(NLOEs) are generally studied under two broad regimes, 

viz. steady-state (SS) and transient (TR) regimes. SS-

NLOEs occur as a consequence of CW/pulsed laser – matter 

interaction such that the laser pulse duration is much longer 

than the recombination time of excited state carriers. 

Conversely, TR-NLOEs occur as a consequence of pulsed 

laser – matter interaction such that the laser pulse duration 

is much shorter than the recombination time of excited state 

carriers. TR-NLOEs have been observed in various 

nonlinear optical media after the development of femto-

second lasers [4]. 

Among the rich variety of SS- and TR-NLOEs, 

stimulated Brillouin scattering(SBS) of a laser radiation has 

been an active area of theoretical and experimental 

research, since its first observation in 1964 [5]. SBS occurs 

as a consequence of nonlinear interaction of an intense 

pump wave with internally generated acoustical mode (via 

electrostriction or radiation pressure) of the medium. It 

manifests itself via generation of a forward/backward 

scattered Stokes wave shifted from the pump wave 

frequency by an amount determined by the acoustical 

phonon mode frequency. SBS is well known for its usage in 

beam shaping, pulse compression, and optical phase 

conjugation (OPC) [6, 7]. Brillouin-enhanced four-wave 

mixing (BEFWM) process yields OPC signal with 

extremely high reflectivity [8, 9]. SBS based optical phase 

conjugate mirrors (SBS-OPCMs) have been employed to 

cancel the aberration of coherent optical radiation generated 

in laser systems; thereby enhancing their overall 

performance. It permits usage of laser systems in various 

fields (such as laser induced fusion, space communication, 

LIDAR etc.) requiring aberration free coherent optical 

radiation [10]. Fiber Brillouin sensors have been developed 

for high-resolution/accuracy temperature sensing 

applications in engineering [11, 12].  

SBS has been demonstrated in a variety of nonlinear 

optical media and hence extensive literature has 

accumulated on various aspects of this phenomenon. The 

new development of techniques for the fabrication of 

nonlinear materials has significantly contributed to this 

evolution. Among rich variety of existing nonlinear optical 

materials, piezoelectric semiconductor magneto-plasmas 

possess large optical nonlinearities and satisfy at the same 

time all the technological requirements for applications 

(such as quick response, broad transparency regime, high 

optical damage threshold etc.) and hence prove to be 

advantageous hosts for further exploration of NLOEs, 

including SBS [13]. 

Among various nonlinear optical parameters, the SS 

and TR Brillouin gain coefficients (BGCs) may be regarded 

as most important parameters characterizing SBS in a 

Brillouin medium. The dependence of these parameters on 

various affecting factors has opened up new avenues for 

better understanding of SBS process in Brillouin media and 



126                                                             Arun Kumar, Sunita Dahiya, Navneet Singh, Manjeet Singh 

 

performance of Brillouin nonlinearities based 

optoelectronic devices. SS- and TR-BGCs have been used 

to explore: (i) ultra-short amplification [14], pulse 

compression [15], and phase conjugation [9] in a Brillouin 

cell; (ii) frequency comb [16], beam cleanup [17], coherent 

beam combination [18], fast and slow light [19] in optical 

fibers; (iii) performance of fiber sensors [12], narrow line-

width Brillouin lasers [20], and multi-wavelength fiber 

lasers [21]; and (iv) performance of SBS spectrometer [22] 

for material analysis. 

We expect that the dependence of SS- and TR-BGCs 

on materials (piezoelectric and electrostrictive) property, 

applied magnetic field and doping concentration in a 

Brillouin cell consisting of a semiconductor will open up 

new ways of thinking about laser-semiconductor 

interactions and possibility of fabrication of efficient 

Brillouin amplifiers. 

Up to now, SBS has been studied in semiconductor 

magneto-plasmas by classical, semi-classical and quantum 

mechanical approach [23-25]. In these studies:  

(i) SBS has been studied in the SS regime, however 

the study of SBS under TR regime provides a better 

understanding of the laser-plasma interaction and idea of 

compression of laser pulses. 

(ii) SBS has been studied by including the 

piezoelectric and electrostrictive coefficients 

phenomenologically; the role of these coefficients on 

Brillouin nonlinearity has not been explored. In 

piezoelectric semiconductor magneto-plasmas, the 

collective oscillation of the lattice can easily be coupled 

strongly with plasma wave through piezoelectricity [26]. 

Moreover, piezoelectricity of the medium provides the 

important spectral characteristics of propagation in 

semiconductor plasma [27]. Hence the role of SS- and TR-

BGCs in analytical investigations of SBS seems to be 

important from the fundamental point of view. 

(iii) the backward scattered Stokes mode has been 

considered. However, in SBS the scattered Stokes mode 

propagates not only in backward direction but it scatters in 

all possible directions. In recent years, forward SBS is 

becoming an emerging hot topic for the fabrication of 

waveguides for applications in photonic devices and hence 

the calculation of backward as well as forward SBS gain 

coefficients in analytical investigations of SBS seems to be 

important from the technological applications point of view 

[28]. 

(iv) the semiconductor-plasma has been magnetized by 

applying an external magnetic field either parallel to the 

pump wave propagation (Faraday geometry) or 

perpendicular to the pump wave propagation (Voigt 

geometry). However, the semiconductor-plasma can be 

magnetized by applying an external magnetic field in any 

direction (from Faraday to Voigt geometry) to the pump 

wave propagation. 

The above discussion warrants that the phenomenon of 

SBS in piezoelectric semiconductor magneto-plasmas 

should be treated under SS as well as TR regimes. TR-BGC 

of a Brillouin medium, in general, is related to SS-BGC 

[29]. Using this approach and treating the piezoelectric 

semiconductor magneto-plasma as a Brillouin medium, we 

develop a theoretical model to study the SS- and TR-BGCs 

with aim to determine the role of piezoelectric and 

electrostrictive coefficients, external magnetic field (under 

various geometrical configurations) on Brillouin 

nonlinearity, and the backward as well as forward BGCs. 

Effective Brillouin susceptibility and consequent SS- and 

TR-BGCs are obtained following the coupled-mode 

approach. Numerical calculations are performed for an n-

type InSb crystal duly irradiated by a pulsed 10.6 m CO2 

laser. Efforts are directed towards to enhance SS- and TR-

BGCs at lower threshold intensities by adjusting the 

material parameters and geometry of the applied magnetic 

field, and to search the feasibility of Brillouin nonlinearities 

based efficient semiconductor optoelectronic devices. The 

relevant experiment has not been performed. 

 
 
2. Theoretical formulations 
 

In this section, expressions are obtained for effective 

Brillouin susceptibility arising due to: (i) current density 

dependent nonlinear induced polarization, and (ii) pump 

wave – acoustical phonon mode dependent electrostrictive 

polarization and hence SS- and TR-BGCs, threshold pump 

intensity for exciting TR-SBS and the optimum value of 

pulse duration for the onset of TR-SBS. 

 

2.1. Induced current density 

 

We consider the well-known classical hydrodynamic 

model (valid only in the limit 1ak l  ; ak is the acoustical 

phonon mode number, and l the mean free path of charge 

carriers) of homogeneous semiconductor magneto-plasma 

under thermal equilibrium [30].  

In highly doped semiconductor-plasmas, since the de-

Broglie wavelength of plasma particles is much larger than 

the inter-fermion distances and the influence of Pauli 

exclusion principle, various quantum effects occur[31]. 

Using quantum hydrodynamic model, the variations in 

nonlinear characteristics of quantum semiconductor-

plasmas from that of classical ones have been reported [32]. 

This model is helpful in analytical investigations of the 

short-scale collective phenomena in highly doped 

semiconductor-plasmas [33]. By the inclusion of statistical 

degeneracy pressure and quantum diffraction terms, 

quantum hydrodynamic model becomes a generalization of 

the usual fluid model. Using quantum hydrodynamic 

model, the study of quantum effects on SS- and TR-BGCsof 

semiconductor magneto-plasmas is available in literature 

[25, 34, 35]. 

SBS occurs as a consequence of nonlinear interaction 

among three coherent fields:  

(i) an intense pump field 

0 0 0 0( , ) exp[ ( )]E x t E i k x t  , 

(ii) an induced acoustical phonon (idler) mode 

0( , ) exp[ ( )]a au x t u i k x t  , and 

(iii) a scattered Stokes component of pump (signal) 

field 

( , ) exp[ ( )]s s s sE x t E i k x t  . 
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These fields are connected via momentum and energy 

phase matching relations:  

 

0 a sk k k  and 0 a s     , 

 

respectively. The magnitudes of three wave vectors are 

connected via relation: 

 
2 2 1/ 2

0 0( 2 cos )a s sk k k k k    , 

 

where   is the scattering angle between sk  and 0k . In 

order to magnetize the semiconductor-plasma, we assume it 

to be immersed in an external magnetic field 0B  in a 

direction making an arbitrary angle   with the x-axis (i.e. 

pump wave propagation direction) in the x-z plane. The 

geometry of SBS in an external magnetic field is shown in 

Fig. 1. 
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Fig. 1. Geometry of SBS in an external magnetic field 
 

In a Brillouin active medium, let x be the lattice position 

and u(x, t) be the departure of lattice position from its 

original position so that one-dimensional strain in the 

direction of +x axis (i.e. along the pump wave propagation 

direction) is given by ( , ) /u x t x  . Using Ref. [27], one may 

express the equation of motion of u(x, t) as: 

 
2 2

2 2

( , )( , ) ( , ) ( , )
2 e

a

Fu x t C u x t u x t

tt x

   
   

   
  (1a) 

where C is the linear elastic modulus of the crystal such that 

the acoustical phonon velocity is given by 
1/ 2( / )av C  . 

 represents the crystal mass density. In order to take 

account of acoustical damping, the term 
( , )

2 a

u x t

t





 is 

introduced phenomenologically. ( , )eF   stands for the net 

force per unit volume accomplished by the medium in the 

presence pump electromagnetic field, it can be expressed as 

[27]:  

 
(1) (2)( , )eF F F     , 

where 

 

(1) 1E
F

x



 


represents the first-order force arising 

due to piezoelectric property, and  

(2) *

0 1( )
2

F E E
x



 



stands for second-order force 

arising due to electrostrictive property of the Brillouin 

medium. 

Here   and   are piezoelectric and electrostriction 

coefficients of the Brillouin medium, respectively. 1E is the 

space charge electric field. The asterisk (*) stands for the 

conjugate of a complex entity. It should be worth pointing 

out that in the presence of oscillating pump field the ions 

inside the lattice shift into non-symmetrical position, 

generally bringing about a contraction in the pump field 

direction and an expansion in a direction perpendicular to 

it. The electrostrictive property has its origin in the 

electrostrictive force thus produced in the crystal. The 

coupling of oscillating pump electromagnetic field and 

elastic properties of the lattice gives rise to piezoelectric 

force in the medium.  

Substituting the value of ( , )eF    in Eq. (1a)), the 

equation of motion of u(x, t) becomes 
2 2

*1
0 12 2

( , ) ( , ) ( , )
2 ( )

2
a

Eu x t C u x t u x t
E E

t x xt x

     
     

      
 

(1b) 

 

The other basic equations in the present formulation 

are: 

 

0
0 0 0 0 0 0. [ ( )] ( )e

v e e
v v v E v B E

t x m m

  
         

  
 (2) 

 

1
1 0 1 1 0 1 0 0. . [ ( )]

v e
v v v v v E v B

t x x m

     
          

     
(3) 

 

01 1 1
0 1 0 0

vn v n
n n v

t x x x

  
   

   
                (4) 

 

     

*

0( )es

u
P E

x


 


                       (5) 

 
2 2 *

1 1
02 2

( )
E n eu u

E
x x x

    
   

    
            (6) 

 

Eqs. (2) – (6) and the notations used are well explained 

in Ref. [24]. Here, 0v ( 0n ) and 1v ( 1n ) represent the 

equilibrium and perturbed oscillatory fluid velocities 
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(carrier concentrations), respectively.  is the collision 

frequency of electrons. m is the electron’s effective mass. e 

is electronic charge. esP
r

stands for nonlinear polarization 

originating from nonlinear interaction of pump field with 

acoustical vibrations of the Brillouin medium. 

The forces (1)F  and (2)F create carrier (here electrons) 

density perturbations in the semiconductor magneto-plasma 

which can be obtained by using the method adopted in Ref. 

[24]. Differentiating Eq. (4), substituting the first-order 

derivatives of v0 and v1 from Eqs. (2) and (3), 

respectively;E1 from Eq. (6) and after mathematical 

simplification the coupled equation of carrier density 

perturbations is obtained as: 

 
2 *2

2 2 2 *01 1
1 1 2 0 0 12

1

( )s
p s s

n ek un n
n A E E E in k E

t mt

 
         

 
 

 (7) 

where ( )e

e
E E

m
 , 

2

( / )

p

a

A
e m k


 ,  

2

1 2 2

0

1
( )

c

c


  

  
,

2

2 2 2
1

( )

c

s c


  

  
, 

2 2

p c

pc

p c

  
   

    

(coupled plasmon-cyclotron frequency 

1/ 2
2

0
p

n e

m

 
   

 
 (electron-plasma frequency), and 

0
c

eB

m
   (electron-cyclotron frequency). 

 

The perturbed electron concentrationn1may be 

expressed as:  

 

1 1 1( ) ( )s a f sn n n    , 

 

wheren1s (known as low frequency component) oscillates at 

acoustical phonon mode frequency 
a  while n1f (known as 

high frequency component) is associated with 

electromagnetic waves at frequencies 0 aq   , in which q 

= 1, 2, 3, …. The electromagnetic fields at sum (i.e. 

0 aq   ) and difference frequencies (i.e. 
0 aq   ) are 

known as anti-Stokes and Stokes modes, respectively. In 

the present analysis, only the first-order Stokes mode (q = 

1) is considered; the electron density fluctuations at off-

resonant frequencies (with 2q  ) are neglected [24]. Under 

rotating-wave approximation (RWA),from Eq. (7), the 

coupled equations are as: 

 
2

1 1 2

12

f f

pc f

n n
n

tt

 
   


 

 
2 *

2 2 * *0
1 2 0 0 1

1

( )s
s s s

n ek u
A E E E in k E

m
      


 (8a) 

 

and 

 
2

2 *1 1
1 12

s s
pc s f s

n n
n in k E

tt

 
    


.  (8b) 

 

Eqs. (8a) and (8b) clearly illustrate that the slow and 

fast components (n1s, n1f) of the electron density 

perturbations are coupled to each other via the pump field     

( E ). Thus, it is clear that for SBS to occur, the presence of 

the pump field is the fundamental necessity. 

Solving the coupled wave equations (8a) and (8b) and 

using Eq. (1b), an expression for n1sis obtained as: 

 
2 2 *

0 1 2 0 0
1 2 2 2 2 2

3 0 0

( )

2 ( 2 )( 2 )

a s s
s

a a a a a c

n k k A E E E
n

k v i i

   


          
, (9) 

 

where 2 2 2

ps pc s     , and 2 2 2

pa pc a     and 

 
2 2

3 2 2

( )( )
1

ps s pa a

s

i i

k E

     
   . 

 

From Eq. (2), the components of oscillatory electron 

fluid velocity in the presence of pump and applied magnetic 

fields are obtained as: 

 

0

0

x

E
v

i


  
,                           (10a)  

 

and 

  

0 0
0 2 2

0

( / )[ ( )]

[ ( ) ]

c
y

c

e m i E
v

i

    


    
.          (10b) 

 

The resonant Stokes component of the electron current 

density due to finite nonlinear polarization of Brillouin 

medium is deduced (by neglecting the transition dipole 

moment) as: 
*

1 0( )cd s s xJ n ev   

22 2 2 *

0 1 2 0 0

2 2 2 2 2

3 0 0

( )( )

2 ( 2 )( 2 )

a s p s

a a a a a c

k k i A E E E

k v i i

       


          
.   (11) 

 

2.2. Effective Brillouin susceptibility 

 

The time integral of induced current density yields the 

nonlinear induced polarization as: 
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( )
( ) ( ) cd s

cd s cd s

s

J
P J dt

i

 
   


  

22 3 2 2 *

0 1 2 0 0

2 2 2 2 2

3 0 0

( )

2 ( 2 )( 2 )

a s p s

s a a a a a c

k k A E E E

k v i i

     


           
. (12) 

 

Defining the nonlinear induced polarization (at s ) as: 

 
2(3) *

0 0( ) ( )cd s B cd sP E E    , 

 

The Brillouin susceptibility 
(3)( )B cd  is given by: 

 
2 3 2

0 1 2 0 0(3)

2 2 2 2 2

0 3 0 0

[ (2 / ) ]
( )

2 ( 2 )( 2 )

a s p

B cd

s a a a a a c

k k A c I

k v i i

       
 

            
 

(13) 

 

where
2

0 0 0

1

2
I c E    is the pump intensity. 

In addition to ( )cd sP  , the Brillouin medium also 

possesses an electrostrictive polarization ( )es sP  , the 

origin of which lies in the interaction of the pump wave with 

the acoustical vibrations generated within the medium. 

Using Eqs. (1) and (5), we obtain 

 
4 2

2 *0
02 2 2 2 2

0 0

( )
2 ( 2 )( 2 )

a s
es s s

a a a a a c

k k
P E E

k v i i

 
 

          
 

(14) 

 

Consequently, the corresponding Brillouin 

susceptibility 
(3)( )B es  is given by 

 
4 2

(3) 0

2 2 2 2 2

0 0 0

( )
2 ( 2 )( 2 )

a s
B es

a a a a a c

k k

k v i i

 
 

          
.  

(15) 

 

The effective Brillouin susceptibility in a Brillouin 

medium is given by 

 
(3) (3) (3)( ) ( ) ( )B e B es B cd      

4 2

0 4 5

2 2 2 2 2

30 0 0

1
2 ( 2 )( 2 )

a s

a a a a a c

k k

k v i i

    
  

            
 

(16) 

 

where 4 1 21 ( / ) A        and 
2

0

5

0 0

2 p

s

I

c


 

   
. 

One may observe that 
(3)( )R e  is a complex quantity 

and it can be expressed as: 

 
(3) (3) (3)( ) [( ) ] [( ) ]B e B e r B e ii     , 

 

where
(3)[( ) ]B e r  and 

(3)[( ) ]B e i stand for the real and 

imaginary parts of 
(3)( )B e , respectively. Rationalizing Eq. 

(16), we obtain 

 
4 2 2 2 2 2 2

(3) 0 0

2 2 2 2 2 2 2 2 2 2 2

0 0 0

( )( )
[( ) ]

2 [( ) 4 ][( ) 4 ]

a s a a a c
B e r

a a a a a c

k k k v

k v

      
 

             

4 5

3

1
  

  
 

                               (17a) 

 
5 2

(3) 0

2 2 2 2 2 2 2 2 2 2 2

0 0 0

2
[( ) ]

[( ) 4 ][( ) 4 ]

a s a a
B e i

a a a a a c

k k

k v

    
 

           
 

4 5

3

1
  

  
 

.                            (17b) 

 

Eqs. (17a) and (17b) show that both 
(3)[( ) ]B e r  as well 

as 
(3)[( ) ]B e i  are influenced by the piezoelectric coefficient

  (via parameter 4 ), the electrostrictive coefficient    

(via parameter 4 ), doping concentration 0n  (via electron-

plasma frequency 
p  and hence the parameter 3 ), applied 

magnetic field 0B  (via electron-cyclotron frequency 
c , the 

parameters 1  and 2 ) and pump intensity 0I .  

 

2.3. SS and TR Brillouin gain coefficients 

 

At pump intensities well above the threshold intensity, 

SS-BGC, i.e. ( )B ssg  can be obtained as [27]: 

(3)

03

0

( ) [( ) ]
4

s
B ss B e i

k
g I

c
  

 
 

2 5 2

0 0

2 3 2 2 2 2 2 2 2 2 2 2 2

0 0 02 [( ) 4 ][( ) 4 ]

a s a a

a a a a a c

k k I

c k v

   


            
 

4 5

3

1
  

  
 

.                            (18) 

 

Eq. (18) reveals that ( )B ssg  increases linearly with I0. 

Practically, however, I0 cannot be increased arbitrary 

because it may damage the sample. When a semiconductor-

plasma is irradiated by an intense long pulsed laser, a 

frequent outcome is the heat generation [36]. A pump 

intensity ~ 1011 Wm−2 of Q-switched 170 ns pulse frequency 

doubled 10.6 μm CO2 laser damages InSb at 300 K [37]. 

The damage threshold intensity of the semiconductor-

plasma can be increased by free carrier nonlinear absorption 

or by reducing the duration of pump pulse [38]. Due to the 

threshold nature of SBS, it is observed at high pump 

intensities and hence the pulsed lasers are generally 

employed in SBS experiments. For SBS and resulting 

Brillouin amplification to occur, an intense pump wave with 

ns or sub-ns pulse duration is desired. These pulse durations 

are of the order of acoustical phonon mode lifetime                    
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( 1~p a

  ), and under such condition, instead of ( )B ssg

alone, ( )B ss ag  is more important gain parameter. This 

parameter suggests an idea of Stokes pulse compression 

[39]. It is thus clear from above discussion that SBS must 

be treated under coherent transient excitation regime. TR-

BGC, i.e. ( )B trg  of a semiconductor-plasma may be 

obtained as[29]: 

 
1/ 2( ) [2( ) ]B tr B ss a p a pg g L      ; ( )a p B ssg L   . 

2 5 2

0 0

2 3 2 2 2 2 2 2 2 2 2 2 2

0 0 0[( ) 4 ][( ) 4 ]

a s a a a p

a a a a a c

k k L I

c k v

      
 

            

 

1/ 2
1/ 2

4 5

3

1 a p

  
     

   

.              (19) 

 

Here a  is the acoustical phonon lifetime, L is the 

interaction length, p  is the pump pulse duration. For 

backward SBS (
o180  ) at very short pump pulse duration 

( 1010p

  s), the interaction length can be replaced by 

/ 2pc , where c is the speed of light in the crystal lattice 

and is given by 
1/ 2

0 1/( )c  .  

 

2.4. Threshold pump intensity and optimum pulse  

        duration for TR Brillouin gain 

 

The threshold pump intensity for onset of the backward 

SBS is obtained, by making ( ) 0B trg  in Eq. (19), as: 

 

0, , 0
2 ( )

a p

th tr

B ss

I I
c g

 
  

2 5 2

0

2 3 2 2 2 2 2 2 2 2 2 2 2

0 0 0
2 2 [( ) 4 ][( ) 4 ]

a p a s a a

a a a a a c

k k

c c k v

      
 

            

 

1

4 5

3

1


  

   
  

.                       (20) 

 

Using 
102 10a   s-1 and 

2( ) 1.6 10B ssg   m-1 at 

10

0 3.7 10I   Wm-2 for n-InSb-CO2 laser system and Eq. 

(20), we obtain the threshold intensity for the onset of TR-

SBS as 114.7 10 Wm-2. 

However, for 
910p

  s, the cell length can be taken 

equal to L, and under such a condition we obtain 

 
1/ 2 1/ 2 1/ 2( ) ( ) [(2( ) ) ( ) ]B tr a p B ss a pg g L       

2 5 2 2

0 0

2 3 2 2 2 2 2 2 2 2 2 2 2

0 0 0

2

[( ) 4 ][( ) 4 ]

a s a a p

a a a a a c

k k LI

c k v

     
 

            

 

1/ 2

4 5

3

1 a p

  
     

  

.                     (21) 

The above expression gives an idea about the optimum 

pulse duration ( )p opt  above which no Brillouin gain could 

be achieved by making ( ) 0B trg  in Eq. (21), as: 

 

( )
( ) B ss

p opt

a

g
 


 

2 5 2

0 0

2 3 2 2 2 2 2 2 2 2 2 2 2

0 0 02 [( ) 4 ][( ) 4 ]

a s a

a a a a a c

k k I

c k v

  


            
 

4 5

3

1
  

  
 

.                              (22) 

 

A calculation for n-InSb-CO2 laser system using the 

values given earlier and L = 1 mm yields 
19

0( ) 3.9 10p opt I    s. This value of ( )p opt  not only 

explains the fact that Brillouin gain vanishes at longer pulse 

duration but also suggests that optimum pulse duration can 

be increased by increasing the intensity of the pump wave. 

 
 
3. Results and discussion 
 
The theoretical formulations as developed in the 

previous section will be analyzed in this section to study 

SBS in piezoelectric semiconductor magneto-plasmas.  

The SBS parameters ( ( )B ssg , ( )B trg , 0, ,th trI , and 

( )p opt ) in the presence of magnetic field (
0 0B  ) and 

finiteness of piezoelectric coefficient ( 0  ) can be studied 

from Eqs. (18) – (22). However, in the absence of 

either/both magnetic field and piezoelectricity, the SBS 

parameters can be obtained by following substitutions:  

(i) In the absence of magnetic field ( 0 0B  ): 0c  ,

1 0  , 2 0  , hence 3 0   and 4 0  .  

(ii) In the absence of piezoelectricity ( 0  ): 
4 0  . 

With these substitutions, it comes out that the SBS 

parameters for cases:  

(a) absence of magnetic field (
0 0B  ) and presence of 

piezoelectricity ( 0  ), and  

(b) absence of both magnetic field ( 0 0B  ) and 

piezoelectricity ( 0  ) are identical.  

Thus it may be concluded that the piezoelectric 

contributions to SBS are only in the presence of magnetic 

field. Moreover, the finiteness of electrostrictive coefficient 

( 0  ) is the foremost condition for SBS to occur. The 

SBS parameters become independent of doping 

concentration 0n  (via 
p ) for the cases when either/both 

0 0B   or 0   (i.e. absence of either/both magnetic field 

and piezoelectricity).  
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For numerical analysis, we consider the irradiation of 

n-InSb sample by 10.6 μm CO2 at 77 K. The other material 

parameters of n-InSb crystal are taken as follows [23]:  

 

m = 0.014m0,
35.8 10    kg m-3, 

1 15.8  , 
34 10av   ms-1, 

0.054  Cm-2, 
105 10   s-1, 

102 10a   s-1,
114 10   s-1, 

112 10a   s-1, 
14

0 1.78 10   s-1. 

 

Eqs. (18) – (22) contain some common parameters 

which significantly influence the SBS parameters. These 

terms can be explained as follows: 

(i)  In term 4 5 31 ( / )    , the parameter 5  is intensity 

dependent. It is interesting to note that for material 

parameters of n-InSb-CO2 laser system given above, at 

pump intensities 13 2

0 ( 5.15 10 Wm )cI I    , 4 5 3( / ) 1    ; the 

parameter 4 5 3/    can be neglected in comparison to unity 

and the SBS parameters become dependent on   only. 

However, at pump intensities 0 cI I , 
4 5 3( / ) 1    ; the 

parameter 4 5 3/    plays important role in the analysis and 

the SBS parameters depends on   as well as   (via 

parameter 4 ). 

(ii) The term 
2 2 2 2( )a a ak v   occurs due to dispersion 

characteristics of the acoustical phonon mode. For material 

parameters of n-InSb-CO2 laser system given above and for 
75 10ak   m-1, a a ak v   and the term 

2 2 2 2( ) 0a a ak v    

yielding high SS- and TR-BGCs at lower pump intensities. 

(iii) The parameter 
2 2 2

0( )c    becomes important 

when magnetic field dependent electron-cyclotron 

frequency becomes comparable to pump wave frequency. 

For material parameters of n-InSb-CO2 laser system given 

above and at 0 14.2B  T, 
2 2

0c    and the term 

2 2 2

0( ) 0c     yielding high SS- and TR-BGCs at lower 

pump intensities. 

(iv) The parameter 2

ps  (in term 3 ), for material 

parameters of n-InSb-CO2 laser system given above, by 

increasing B0 continuously in the considered range and 

decreasing n0 proportionally, allows to resonate coupled 

plasmon-cyclotron mode frequency at Stokes mode 

frequency, i.e. 2 2~pc s  . 

(v) The parameter 
2

pa  (in term 3 ), allows to 

resonate coupled plasmon-cyclotron mode frequency at 

acoustical mode frequency, i.e. 2 2~pc a  ; but for the 

considered range of B0, extremely high values of n0 are 

required. The high values of doping concentration will lead 

to diffusion effects and the theoretical formulation 

developed here, thereby needed a modification. 

At 0~c  , we obtain the following ratios: 

 

0, , 2

0, ,

( )
1.98 10

( )

a a a

a a a

th tr k v

th tr k v

I

I

  

 

  , 

2
[( ) ]

2.55 10
[( ) ]

a a a

a a a

B ss k v

B ss k v

g

g

 

 

  , and 

2
[( ) ]

2.49 10
[( ) ]

a a a

a a a

B tr k v

tr ss k v

g

g

 

 

  . 

 

At a a ak v  ,  the following ratios are obtained: 

 
2 2

0, , , 0, , , 0, , 0,
0 0 0or 0

( ) : ( ) : ( ) 9.7 10 : 2.7 10 :1
c c c c cth tr th tr th trI I I  

     
   

  

3 2

, , 0,
0 0 0or 0

[( ) ] :[( ) ] :[( ) ] 1.2 10 : 4.6 10 :1
c c c c cB ss B ss B ssg g g     

   

  

3 2

, , 0,
0 0 0or 0

[( ) ] :[( ) ] :[( ) ] 1.1 10 : 4.4 10 :1
c c c c cB tr tr ss tr ssg g g     

   

    

 

Using Eqs. (18) – (22), the dependence of SS- and TR-

BGCs on controllable parameters such as doping 

concentration (n0), applied magnetic field (B0), magnetic 

field inclination (  ), scattering angle (  ), and pump 

pulse duration ( p ) is explored in detail. The range of 

magnetic field considered is 0T ≤ B0≤ 18T.The magnetic 

field in this range may be easily produced in the laboratory. 

It should be worth pointing out that Generazio and Spector 

[40] studied the phenomenon of free carrier absorption for 

n-InSb-CO2 and n-InSb-CO laser systems at 77 K by 

placing the sample in an external magnetic field B0≤ 20 T; 

without any optical damage of the crystal and/or change in 

propagation characteristics of the laser beam. 

The results are plotted in Figs. 2 – 7. 

Fig. 2 shows the variation of ( )B ssg  and ( )B trg  with 

magnetic field (B0) for two different doping concentrations. 

It can be observed that both ( )B ssg  and ( )B trg  show 

similar nature of curves throughout the plotted regime of B0. 

The nature of the curves can be explained as follows: By 

keeping n0 fixed and varying B0, we observed that SS- and 

TR-BGCs are comparatively smaller and remain 

independent of magnetic field in the regimes 
00 9.5TB   

and 
00 2.7TB   for 19

0 2 10n   m-3 and 193 10 m-3, 

respectively. With further increasing B0 beyond this value, 

SS- and TR-BGCs start increasing, achieving their peaks at 

B0 = 10.5T and 3.7T for 19

0 2 10n   m-3 and 
193 10 m-3, 

respectively. With further slightly increasing B0 beyond 

these values, SS- and TR-BGCs decrease sharply and attain 

their previously lower value at B0 = 11.5T and 4.7T for 
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19

0 2 10n   m-3 and 193 10 m-3, respectively and remain 

constant for B0 = 13T.  
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Fig. 2. Variation of ( )B ssg  and ( )B trg  with 

0B  for 

19

0 2 10n   m-3 and 193 10 m-3 in n-InSb crystal. Here 

75 10ak   m-1, o60  , o45  , 
102 10p

   s, and 

12

0 7 10I   Wm-2 

 

This distinct behaviour of BGCs occur due to 

resonance condition: 2 2~pc s  . An exciting aspect of this 

resonance condition is the interaction between electron-

plasmon oscillator and electron-cyclotron oscillator. We 

considered this as hybrid oscillator. When the pump field 

interacts with hybrid oscillator, as a consequence, p  and 

c  dependent Stokes signal (at s ) is generated. It is 

beneficial to move s  to an obtainable spectral regime in 

proportion to: (i) 0n  (or p ) for fixed 
0B  (or c ), (ii) 

0B  

(or c ) for fixed 0n  (or 
p ), and (iii) combination of 0n  and 

0B  both. By continuously increasing 0n  (via p  and hence 

2

pc ) and decreasing 0B  (via c  and hence 2

pc ) in the same 

proportion maintains the resonance condition at a fixed 

value of s . Further, by continuously increasing 0n  and 

decreasing 0B  without maintaining their proportion shifts 

the value of s . In the present case, by continuously 

increasing s  form 
192 10 m-3 to 193 10 m-3 and decreasing 

0B  from 10.5T to 3.7T maintains the resonance condition 

2 2~pc s   at a fixed value of s . Ultimately, at 

19

0 3.3 10n   m-3, the resonance occurs around B0 = 0T for 

a fixed value of s . For 19

0 3.3 10n    m-3, the resonance 

condition shifts the value of s . 

At B0 = 13.5T, SS- and TR-BGCs corresponding to two 

different values of doping concentration as reported above 

become equal and exhibit common behaviour independent 

of doping concentration for 
0 13.5TB  . SS- and TR-BGCs 

exhibit a common peak at B0 = 14.2T. This peak occurs due 

to resonance condition: 
2 2

0~c  . In the proximity of 

resonance, the electron’s drift velocity (which is the 

function of B0) increases, attains a value higher than 

acoustical phonon mode velocity and due to this the rate of 

energy flow from pump to acoustical phonon mode 

increases, and consequently the amplification of acoustical 

phonon mode occurs. Eventually, the interaction between 

pump field and amplified acoustical phonon mode takes 

place and the amplitude of scattered Stokes mode enhances 

adequately thereby enhancing SS- and TR-BGCs. 
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Fig. 3: Variation of ( )B ssg  and ( )B trg  with   for o0   and 

o180  in n-InSb crystal. Here 
75 10ak   m-1, 

19

0 2 10n   m-3, 

o45  , 
102 10p

   s and 
12

0 7 10I   Wm-2 

 

The most significant feature of the result is 

enhancement of SS- and TR-BGCs around resonances by 

varying simultaneously/independently doping 

concentration and magnetic field in semiconductors-

plasmas. The results obtained in Fig. 2 permits the tuning 

of scattered Stokes mode over a broad range of frequencies 

and reveal the opportunity of fabrication of frequency 

converters based on Brillouin amplification as well as 

tunable Brillouin oscillators. 

Fig. 3 shows the variation of ( )B ssg  and ( )B trg  with 

magnetic field inclination (  ) for 
o0   (forward 

scattering) and 
o180   (backward scattering). It can be 
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observed that in both the cases, SS- and TR-BGCs are 

comparatively smaller in case of Faraday geometry (i.e. 
o0  ). SS- and TR-BGCs continuously increase with   

in the regime o90  , achieving maximum at  o90   and 

decrease with   in the regime o90  . The rate of rise (fall) 

of SS- and TR-BGCs is higher in the regimes o o20 70       

( o o110 160   ). The curves are symmetrical about o90  . 

The curves infer that the contribution of magnetic Lorentz 

force, which plays a significant role in modifying the 

electron’s drift velocity, consequently energy transfer from 

pump to scattered Stokes wave and subsequently enhancing 

SS- and TR-BGCs is maximum in case of Voigt geometry 

(i.e. o90  ). Moreover, SS- and TR-BGCs are higher under 

Voigt geometry than under Faraday geometry. 
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Fig. 4. Variation of ( )B ssg  and ( )B trg  with   for 

0 0B  T and 14.2T. Here 75 10ak   m-1, 19

0 2 10n   m-3, 

o60  , 102 10p
   s and 

12

0 7 10I    Wm-2 

 

Fig. 4 shows the variation of ( )B ssg  and ( )B trg  with 

scattering angle (  ) in the absence (B0 = 0T) and presence 

(B0 = 14.2T) of magnetic field. It can be observed that in 

both the cases, SS- and TR-BGCs are larger in the forward 

scattering direction (i.e., 
o0  ). However, Stokes mode 

grows exponentially between 
o o0 40    and thereafter 

the growth rate slows down, finally saturate around 
o180  . SS- and TR-BGCs in case of backward scattering 

are higher than in case of forward scattering. In addition, 

SS- and TR-BGCs are four times higher in the presence of 

magnetic field than in its absence throughout the plotted 

range of scattering angle. 
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Fig. 5. Variation of 
0,( )th trI  with 

0B  for 
102 10p

   s 

and 119 10 s. Here 
75 10ak   m-1, 

19

0 5 10n   m-3, 

o60  , o45  . 

 

Magnetostatic Field, )B0 (T

2 4 6 8 10 12 14 16 180

0.5

0.6

0.7

0.8

0.9

0.4

0.3

0.2

0.1

1.0

T
R

 B
ri

ll
o
u

in
 G

a
in

 C
o

ef
fi

c
ie

n
t,

 (
)

×
1

0
3

 m
–

1
)

g
B

tr
 ( 

p
= 9×10–11 s

p= 2×10–10 s

 
 

Fig. 6. Variation of ( )B trg  with 
0B  for 

102 10p
   s 

and 119 10 s. Here 
75 10ak   m-1, 

19

0 5 10n   m-3, 

o60  , o45  , and 
12

0 7 10I   Wm-2 

 

Fig. 5 shows the variation of threshold intensity     

0,( )th trI ) for the onset of TR-SBS with magnetic field (B0) 

for two different pump pulse durations. It can be observed 
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that in both the cases, 0,( )th trI  decreases gradually with B0 

for B0 < 11T. This feature indicates that the Lorentz 

contribution is quite small when 0c   . However, when 

c approaches 0 , the Lorentz contribution is very effective 

to minimize the value of 0,( )th trI . When 0c    (i.e. B0> 

14.2T), 0c    increases sharply due to departure from 

the resonance and subsequently it remains constant even at 

comparatively large magnetic field. A comparison between 

the two curves reveals that 0c    decreases with 

decreasing pump pulse duration. 

Fig. 6 shows the variation of ( )B trg  with magnetic 

field (B0) for two different pump pulse durations. It can be 

observed that in both the cases, ( )B trg  increases gradually 

with B0 for B0< 11T. This feature indicates that the Lorentz 

contribution is quite small when 0c   . However, when 

c approaches 0 , the Lorentz contribution is very effective 

to enhance the value of ( )B trg . When 0c    (i.e. B0> 

14.2T), ( )B trg  decreases sharply due to departure from the 

resonance and subsequently it remains constant even at 

comparatively large magnetic field. A comparison between 

the two curves reveals that ( )B trg  increases with 

increasing pump pulse duration. 

 

Pump Pulse Duration, )
p
 (s

5

6

7

8

9

4

3

2

1

10

T
R

 B
ri

ll
o
u

in
 G

ai
n
 C

o
e
ff

ic
ie

n
t,

 (
)

×
1

0
3
 m

–
1

)
g

R
tr
 (

10–12 10–11 10–10 10–9

I0= 7×1012 Wm–2

I0= 5×1012 Wm–2

 
 

Fig. 7. Variation of ( )B trg  with p  at 
12

0 5 10I   Wm-2 

and 127 10 Wm-2. Here 
75 10ak   m-1, 

19

0 5 10n   m-3, 

0 14.2B  T, o60  , and o45   

 

Fig. 7 shows the variation of ( )B trg  with pump pulse 

duration (in the range 
12 910 s 10 sp

    ) for two different 

pump intensities. We observed that for fixed I0, ( )B trg  

increases with p  and at a certain value of p , ( )B trg  

attains a certain maximum value which remains constant 

over a certain range of p . Such regimes may be regarded 

as quasi-SS or quasi-saturation regimes. The rise in I0 shifts 

the gain saturation regime towards higher values of p . 

Keeping I0 fixed, if p  is chosen beyond the quasi-

saturation regime, ( )B trg  diminishes very rapidly. 

 
 
4. Conclusions 
 

The current paper is an analytical investigation of SS- 

and TR-BGCs in weakly-piezoelectric semiconductor 

magneto-plasmas. Following important conclusions may be 

drawn from the study: 

1. The analysis offers two achievable resonance 

conditions ( 2 2~pc s  ,
2 2

0~c  ) at which significant 

enhancement of SS- and TR-BGCs can be obtained. 

2. The threshold pump intensity for exciting TR-SBS 

is three orders of magnitude is smaller  in presence of both 

piezoelectricity and magnetic field (around resonance), two 

orders of magnitude smaller in presence of magnetic field 

and absence of piezoelectricity than the absence of 

magnetic field and presence/absence of piezoelectricity. 

3. SS- and TR-BGCs are three orders of magnitude 

larger in presence of both piezoelectricity and magnetic 

field (around resonance), two orders of magnitude larger in 

presence of magnetic field and absence of piezoelectricity 

than the absence of magnetic field and presence/absence of 

piezoelectricity. 

4. SS- and TR-BGCs are one order of magnitude 

higher under Voigt geometry than under Faraday geometry, 

one order of magnitude higher for backward scattering than 

forward scattering. 

5. The rise in pump intensity shifts the gain saturation 

regime towards higher values of pump pulse duration. For 

example, in n-InSb semiconductor-plasma, the quasi-

saturation regime which occurs around 119 10p

   s at 

12

0 5 10I   Wm-2 shifts to 102 10p

   s at 
12

0 7 10I  

Wm-2. 

6. The technological potentiality of weakly-

piezoelectric semiconductor magneto-plasmas as hosts for 

fabrication of efficient nonlinear devices such as frequency 

converters, Brillouin amplifiers and oscillators etc. based on 

Brillouin nonlinearities is established. 
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